Exposure of fishes to environmental estrogens is known to affect sexual development and spawning, but little information exists regarding effects on gametes. This study evaluated embryonic survival of offspring from male rainbow trout (Oncorhynchus mykiss) exposed to 17a-ethynylestradiol (EE 2 ) using an in vitro fertilization protocol. Males were exposed at either 1800 or 6700 degree days (8d) (i.e. 161 or 587 days post-fertilization (dpf)) to test for effects on testes linked to reproductive ontogeny. At 18008d, fish were beginning testicular differentiation and were exposed to 109 ng EE 2 /l for 21 days. At 67008d, fish have testes containing spermatocytes and spermatids and were exposed for 56 days to either 0.8, 8.3, or 65 ng EE 2 /l. Semen was collected at full sexual maturity in each group and used to fertilize eggs pooled from several non-exposed females. Significant decreases in embryonic survival were observed only with the 67008d exposure. In 0.8 and 8.3 ng EE 2 /l treatments, embryo survival was significantly reduced at 19 dpf when compared with the control. In contrast, an immediate decrease in embryonic survival at 0.5 dpf was observed in the 65 ng EE 2 /l treatment. Blood samples collected at spawning from 67008d exposed males revealed a significant decrease in 11-ketotestosterone and a significant increase in luteinizing hormone levels for the 65 ng EE 2 /l treatment when compared with the other treatment groups. Results indicate that sexually maturing male rainbow trout are susceptible to EE 2 exposure with these fish exhibiting two possible mechanisms of reduced embryonic survival through sperm varying dependant on EE 2 exposure concentrations experienced.
Introduction
Increasingly, detrimental reproductive effects in aquatic organisms due to environmental estrogens have been reported in both marine and freshwater ecosystems. These contaminants are widely distributed in aquatic environments and are identified through both direct chemical detection in surface waters as well as their known biological impacts in North America (Kolpin et al. 2002 , Goksoyr 2006 , Woodling et al. 2006 , South America (Orrego et al. 2006) , Europe (Jobling et al. 1998 , Liney et al. 2005 , and Asia (Hashimoto et al. 2000) . The effects of environmental estrogens are primarily mediated by either their binding to or interference with estrogen receptors. This interaction results in direct or indirect obstruction of the endocrine system, thus inhibiting reproduction. Notable environmental estrogens include the synthetic human birth control pharmaceutical 17a-ethynylestradiol (EE 2 ), the plasticizing agent bisphenol A, pesticides such as dichloro-diphenyl-trichloroethane (DDT), and the detergent metabolite nonylphenol, among others. Animals exposed to environmental estrogens have exhibited defects in sexual development, sexual behavior, and reproduction organ malformation (Blomqvist et al. 2006 , Furuya et al. 2006 , Ma & Sassoon 2006 . Besides these effects, fishes display abnormal intersexuality, reduced spawning success, reduced female fecundity, delayed male gonadal differentiation, reproductive duct malformation, and complete sex reversal (Jobling et al. 1998 , Scholz & Gutzeit 2000 , Van den Belt et al. 2001 , Balch et al. 2004 , Nash et al. 2004 , Versonnen & Janssen 2004 , Mills & Chichester 2005 , Campbell et al. 2006 .
Environmental estrogens in aquatic environments come from both point and non-point sources, including agricultural runoff and pharmaceutical products passing through sewage treatment facilities (Ingerslev et al. 2003 , Tashiro et al. 2003 , Wang et al. 2004 , Matthiessen et al. 2006 . Sewage treatment plant effluent, the most frequent source of environmental estrogen contamination, can be directly released into adjacent surface waters. Documented reports of fishes in these waters with both physiological and developmental problems have been observed (Hashimoto et al. 2000 , Jobling et al. 2003 , Liney et al. 2005 , Rempel et al. 2006 . Sewage effluents may contain many environmental estrogens, but of particular concern is EE 2 . EE 2 is extremely stable, released through most wastewater treatment facilities in an active form, and is highly potent when compared with native fish estrogens (Thorpe et al. 2003) . It is widespread in surface waters with detectable concentrations ranging from 0.05 to 831 ng EE 2 /l (Ternes et al. 1999 , Baronti et al. 2000 , Huang & Sedlak 2001 , Kolpin et al. 2002 .
Laboratory exposures of fishes to EE 2 have documented numerous reproductive effects. A common experimental endpoint used is the assessment of reproductive success through natural spawning. Even though this endpoint shows that EE 2 significantly affects adults, it does not contribute any insight into the mechanism of action regarding effects on gametes for the next generation. To establish an effect of EE 2 on male gametes, Schultz et al. (2003) exposed sexually maturing male rainbow trout and utilized an in vitro fertilization approach with eggs from unexposed females to assess embryonic development. Using this method, they reported decreased embryonic survival with sperm from males exposed to concentrations as low as 10 ng EE 2 /l. Using in vitro fertilization trials when compared with natural spawning, this experimental design uniquely separated adult and gamete-specific EE 2 effects, establishing an embryonic survival effect on offspring, not previously shown in fishes.
The decreased embryonic survival reported by Schultz et al. (2003) was assessed at 28 days post-fertilization (dpf), a time point when embryonic development in rainbow trout is nearly complete. While the presence of a significant effect on the male gamete is evident, questions regarding the actual timing of developmental interference remain unanswered. A range of possibilities exists to explain these results, from a failure at fertilization to some defect occurring during embryonic development due to influences of the paternal genome.
In addition, the timing of male EE 2 exposure is also a variable requiring investigation. To determine the EE 2 -induced mechanism of action for reduced embryonic survival, the objectives of this study were: (1) to expose male parents at two different points during reproductive development, (2) to track embryonic development from fertilization onward in families derived from male rainbow trout exposed to different concentrations of EE 2 , and (3) to correlate embryo mortality patterns observed in offspring with reproductive hormones of the pituitary-gonad axis in the paternal parent.
Results

Waterborne and blood plasma EE 2 concentrations
The nominal and measured water levels of EE 2 during the 1800 and 67008d experiments are shown in Table 1 . Measured EE 2 levels were within 60-100%
of nominal values for all tested samples. Mean values of measured blood plasma concentrations of EE 2 in males from the 67008d experiment after 56 days were 0.0, 0.55, 2.83, 36.56 ng EE 2 /ml in relation to nominal concentrations of 0, 1, 10, and 100 ng EE 2 /l exposures respectively (Fig. 1) .
In vitro fertilization trials
Sperm per milliliter of semen ranged from 1.16-8.93 billion/ml with means of 4.11, 3.46, 4.31, and 4.99 billion/ml for the control, 0.8, 8.3, and 65 ng EE 2 /l respectively in the 67008d experiment. In the 18008d experiment, sperm per milliliter of semen were 3.40 and 2.83 billion/ml for control and EE 2 exposed treatments respectively. There were no significant differences in sperm concentrations between treatments in either experiment.
For the 67008d experiment, one control group semen sample was inadvertently contaminated with water during collection, which prevented any fertilization in this sample. Embryonic development was therefore assessed on 39 out of 40 individuals sampled. Initial statistical analysis indicated that no tank effects were present for any developmental time Table 1 Nominal and measured waterborne 17a-ethynylestradiol (EE 2 ) concentrations (ng EE 2 /l) in exposure tanks containing male rainbow trout that were 1800 degree days (8d) or 67008d in age.
Experiment
Nominal points resulting in the ability to collapse the original statistical model to: y ijk Z mC a i C e ij , where a i represents treatment effects of EE 2 and e ij the random error. The collapsed model indicated that significant differences were present between all EE 2 treatment groups and the control at the 19 dpf developmental time point, eye pigmentation. Analyses of the three earlier developmental time points, 0.5, 2.5, and 9 dpf, revealed significant differences between the 65 ng EE 2 /l treatment and the control, with no significant differences present between the 0.8 and 8.3 ng EE 2 /l treatments and the control (Fig. 2) . No significant tank or treatment effects on embryonic survival at any developmental time point in the 18008d experiment were detected (Fig. 3 ).
Vitellogenin and hormone levels
In the 67008d experiment, plasma vitellogenin was non-detectable in the control group but detectable in all fish exposed to EE 2 and exhibited a positive doseresponse with increasing EE 2 levels. Mean plasma vitellogenin levels were 0.027, 62, and 154 mg/ml for the 0.8, 8.3, and 65 ng EE 2 /l treatments respectively. Plasma 11-KT levels were similar in all treatment groups, with the exception of fish exposed to 65 ng EE 2 /l, where levels were significantly below other groups (Fig. 4) . Plasma LH levels displayed a pattern in which a significant increase (Fig. 4) Paternal EE 2 exposure reduces embryonic survival
Discussion
Effects of environmental estrogens have been noted in a wide range of aquatic species including frogs, salamanders, and fishes (Jones et al. 2000 , Gye & Kim 2005 , Mosconi et al. 2005 . Within fishes, the most commonly reported effect is induction of vitellogenin levels in male and/or juvenile animals (Rotchell & Ostrander 2003) . Although these types of studies provide useful information on environmental exposure, relatively few studies go beyond this basic analysis. Notable exceptions exist where studies have examined the role that environmental estrogens have on reproductive success. For example, using various fish model systems, environmental estrogen exposure has been shown to reduce spawning success due to interference with male reproductive behavior (Majewski et al. 2002 , Hill & Janz 2003 , Martinovic et al. 2007 ). Schultz et al. (2003) used an in vitro fertilization approach designed to eliminate reproductive behavior effects, specifically analyzing the effect of EE 2 on male gametes. This approach revealed the presence of significant sperm-specific decreased survival during early development resulting from EE 2 exposure of male parents (Schultz et al. 2003) . This reduced embryonic survival effect, affecting unexposed embryo development, represents a considerable challenge for determining a potential mechanism of action. Questions relating to how adult male parental exposure can be transmitted to developing embryos and whether ontogenetic time points of exposure are crucial must be addressed. Here, we illustrate that exposure to EE 2 at 18008d (161 dpf), prior to the initiation of spermatogenesis, has no effect on embryo survival. Either there is no effect of EE 2 on these early germ cells or damaged germ cells are removed from the population before fish attain full sexual maturity. We also illustrate that EE 2 exposure beginning at 67008d (587 dpf), during late spermatogenesis/spermiation, causes significant reductions in embryonic survival. Therefore, during the final phases of reproductive development in male rainbow trout, testes appears uniquely vulnerable to EE 2 at levels as low as w1 ng EE 2 /l. Concentrations of EE 2 in this range are environmentally relevant and are therefore a concern for wild fish populations. This study showed that exposure of sexually maturing male rainbow trout for 56 days to concentrations as low as 0.8 ng EE 2 /l produce significant reductions in survival to the eye pigmentation stage (19 dpf; Fig. 2 ). Although these results confirm reduced survival to the eye pigmentation stage previously observed (Schultz et al. 2003) , the inclusion of additional developmental time points (early cleavage, blastula formation, and embryonic keel development) revealed two separate time points at which development and/or fertilization is affected. At 65 ng EE 2 /l, either fertilization or embryonic development to first cleavage is affected. A determination regarding whether this effect is the result of development or fertilization cannot be made as no reliable method is currently available to specifically determine whether fertilization (at 0 dpf) has occurred. In contrast to the 65 ng EE 2 /l treatment, the 8.3 and 0.8 ng EE 2 /l doses did not exhibit significant development differences until much later, after embryonic keel formation (9 dpf). The timing of significant embryo mortality, early with 65 ng EE 2 /l exposed males and occurring later with 8.3 and 0.8 ng EE 2 /l exposed males, indicates the possibility of two mechanisms of action dependant on EE 2 doses the parents receive during late sexual maturation.
Plasma analyses of three hormones in males from the 67008d experiment revealed significant effects on 11-KT and LH for the 65 ng EE 2 /l treatment. EE 2 does not appear to significantly affect these hormones in sexually maturing males at concentrations below 8.3 ng EE 2 /l. In fishes, 11-KT is the major male androgen and has been reported to be crucial for spermatogenesis (Miura & Miura 2003) . Reduced levels of plasma 11-KT at the 65 ng EE 2 /l exposure are likely initiated through a direct action of EE 2 on the testis. This reduction may result from a receptor-mediated shunting of hormone precursors from androgens to progestins (Kusakabe et al. 2006) or interference with estrogen receptors on Leydig cells (Bouma & Nagler 2001 ) that produce 11-KT (Le Gac & Loir 1988) . Increased LH levels in the 65 ng EE 2 /l fish could be related to depressed 11-KT levels through a well-known negative feedback association between LH and 11-KT at the pituitary or hypothalamus. This feedback system increases production of LH in male fishes when 11-KT levels are depressed (Yamaguchi et al. 2005) . Alternatively, the increase in LH may be unrelated to 11-KT and result from direct action of EE 2 on the pituitary. Evidence exists for multiple estrogen response element-like sequences on the LH promoter of several fish species (Yaron et al. 2001 , Melamed et al. 2006 and estrogens do interact with these elements, up-regulating the LH gene (Liu et al. 1995) . Therefore, EE 2 in male rainbow trout could be binding to estrogen receptors and directly influencing LH transcription in the pituitary leading to elevated plasma levels.
Taken together, late sexual maturation exposure differences exhibited between high (65 ng EE 2 /l) and low (8.3 and 0.8 ng EE 2 /l) exposures from the 67008d experiment in regard to both timing of embryo mortality and plasma hormone levels indicate the likelihood of two different mechanisms of action. Observed plasma vitellogenin and plasma EE 2 levels support the fact that all treatment groups received EE 2 exposures consistent with intended levels and that each had distinctly different levels of EE 2 . The high concentration (i.e. 65 ng EE 2 /l) that produced alterations in plasma hormone levels (abnormally low 11-KTand high LH) may compromise the ability of some sperm to fertilize eggs properly. This potential problem with sperm fertilizing ability could account for the immediate, 0.5 dpf, difference in fertilization and/or early development. The combination of lower 11-KT and/or elevated LH may directly influence the final phase of spermatogenesis and spermiation in male rainbow trout. Not all sperm are affected since no evidence exists for complete reproductive failure, but a significant number may be afflicted. While an endocrine-mediated mechanism is possible for the high-dose treatment, no significant plasma hormone changes were present in fish from treatment groups at lower EE 2 concentrations. To explain the observed decreased embryonic survival between 9 and 19 dpf in the 0.8 and 8.3 ng EE 2 /l treatment groups, an alternative mechanism must be considered. In these two groups, a separate non-endocrine-mediated mechanism could be present. Since embryonic development proceeded normally through 9 dpf, some genomic defect of the sperm DNA is proposed. This hypothesis is consistent with other studies in rainbow trout in which sperm DNA was intentionally damaged (Patton et al. 2007) . Two lines of evidence support this: no differences were observed between treatment groups and controls at 0.5 or 9 dpf; and this and previous studies have revealed no variation in sperm number, morphology, or swimming ability following EE 2 exposure in sexually mature male rainbow trout (Schultz et al. 2003) .
Sperm DNA damage could be occurring through two possible mechanisms: aberrant DNA methylation or meiotic interference during spermatogenesis. Exposures of environmental toxicants have been shown to reduce fertility in rats through a process of aberrant DNA methylation of the germ line (Anway et al. 2005) . These incorrect DNA methylation patterns were shown to result in heritable defects affecting progeny fertility over multiple generations. Using medaka, Contractor et al. (2004) illustrated that EE 2 is capable of inducing methylation changes to the estrogen receptor and aromatase genes, indicating the possibility that EE 2 -induced DNA methylation changes may be responsible for reduced embryo survival in our study. Alternatively, meiosis during spermatogenesis may be affected. The fact that treatment of male rainbow trout at 18008d, prior to the initiation of spermatogenesis (i.e. meiosis), did not result in reduced fertility/development supports this hypothesis as well as research in other vertebrates. Bisphenol-A, a less potent environmental estrogen than EE 2 , has been shown to affect meiosis in female mice resulting in the production of aneuploid gametes (Hunt et al. 2003) . The production of such gametes would result in decreased survival of embryos and could account for the observed reduced survival after 9 dpf. Since both mechanisms are possible reasons for reduced embryonic survival, further research is necessary to determine exactly how EE 2 exposure of male parents actually reduces embryonic survival of offspring.
Materials and Methods
Research animals and facilities
Fish used in experiments were maintained according to guidelines established by the Institutional Animal Care and Use Committees of Battelle Pacific Northwest National Laboratory, Washington State University (WSU) and the University of Idaho (UI). Male isogenic rainbow trout were produced at the WSU research fish hatchery by fertilizing eggs from a homozygous clonal Oregon State University (OSU) strain female rainbow trout with sperm from a homozygous clonal Arlee strain male rainbow trout. Clonal females and males were originally produced through gynogenesis and androgenesis respectively and are maintained at the WSU research fish hatchery (Parsons & Thorgaard 1985 , Young et al. 1996 , Young et al. 1998 . Offspring resulting from the OSU!Arlee cross, termed clonal hybrids, are genetically identical, greatly reducing levels of phenotypic variation within experimental groups. After fertilization, embryos were placed in a Heath-style fish egg incubator (MariSource, Milton, WA, USA) at 10.5 8C until yolk sac absorption and then transported to Battelle Marine Research Laboratory (MRL) in Sequim, WA, USA. Upon arrival at MRL, fish were 530 degree days (8dZwater temperature in 8C!number of days) in age. Before and after chemical exposures, trout were housed in groups of 25-75 fish in circular fiberglass tanks ranging in size from 100, 370, or 1400 l depending on fish size. All tanks were maintained with a single-pass flow-through freshwater system. The MRL uses artesian well water (well depthZ134 m), pre-aerated before reaching holding tanks at a minimum flow rate of 1 l/min per kg fish. Water quality parameters were routinely measured in holding and treatment tanks, averaging 11.5 8C, O9 mg/l dissolved oxygen, pH 7.9, total alkalinity 200 mg/l (as CaCO 3 ), ammonia !0.05 mg/l, and nitrate-nitrite !0.01 mg/l. Fish were initially fed mashed feed several times a day using automatic feeders and transitioned to soft-moist, pelleted feed of various sizes thereafter (Bio-Oregon Inc., Warrenton, OR, USA). All holding and exposure tanks were maintained under simulated natural photoperiod with graded off-and on-controls.
Exposure trials and sample collections
The EE 2 exposures were performed with trout at two different reproductive ontogenetic time points, 1800 and 67008d. These time points were chosen because they represent initial testicular differentiation from the undifferentiated gonad with the presence of spermatogonia (18008d; Takashima et al. 1980) and an actively meiotic, mid-spermatogenetic time point with spermatocytes and spermatids predominating the gonad prior to final sexual maturation (67008d; Kusakabe et al. 2006) in rainbow trout. Degree day exposure times were calculated from 161 and 587 (dpf) using the rearing temperatures in our experimental holding facilities with individual animal weights of w10 and 750 g respectively. For exposure treatments, EE 2 was delivered using a flow-through system in 370 l tanks from a concentrated stock solution of EE 2 prepared in methanol:water (60% v/v) that was slowly added to exposure tanks with a peristaltic pump flow rate of 0.07 ml/min (equals 0.0008% methanol in tanks). Control tanks had only methanol added. For the 18008d experiment, 60 male rainbow trout were randomly divided into two tank replicates and exposed to a nominal concentration of 100 ng EE 2 /l or methanol only (solvent control) for 21 days. Following exposures, individuals were transferred to fresh water and allowed to progress Paternal EE 2 exposure reduces embryonic survival normally to sexual maturation when semen samples were collected from five individuals per replicate for a total of ten control and ten exposed males as described below. At 67008d, 80 male rainbow trout were randomly divided into eight groups of ten fish per tank with two tank replicates per treatment. Individuals were continuously exposed to three treatment levels of EE 2 or methanol only (solvent control). Nominal concentration levels of 1, 10, and 100 ng EE 2 /l were employed. Water and stock solution in-flow rates for all tanks in each treatment were monitored daily. Measured EE 2 concentrations were monitored every 7 days for the 18008d experiment and every 7-14 days for the 10 and 100 ng EE 2 /l treatments and once for the 1 ng EE 2 /l treatment for the 67008d experiment. The 67008d experiment continued for 56 days after which five randomly selected individuals per tank and ten fish per treatment (40 fish total) were sampled. All fish were anesthetized using buffered 0.25 g/l MS-222 (Argent, Redmond, WA, USA). Individual semen samples from each anesthetized fish were collected by manual expression directly into sterile plastic bags (Whirl-Pak, NASCO, Fort Atkinson, WI, USA) and placed on ice.
For the 67008d experiment, following semen collection, blood samples were obtained from anesthetized fish using 5 ml heparinized syringes with 21 gauge needles. Blood was drawn from the caudal vein, inverted ten times ensuring proper mixture of heparin, and placed on ice prior to plasma separation by centrifugation. To avoid hemolysis, blood samples remained on ice no longer than 10 min before centrifugation. Plasma was removed after centrifugation and transferred to 1.5 ml microcentrifuge tubes before being placed at K20 8C for storage. After blood collection, fish were euthanized and total weight was obtained.
Determination of EE 2 in water and plasma
Water and plasma samples were analyzed for EE 2 by GC-MS. Water samples (0.05-1 l in volume) were fortified with NaCl (5% w/v) and extracted with 75 ml methyl-tert-butyl-ether (MTBE) per 1 l sample. Plasma samples (0.2 ml) were mixed with an equal volume of saturated aqueous NaCl solution and extracted with 1 ml MTBE. The MTBE fractions were removed, evaporated under N 2 , and subsequently derivatized with N-methyl-N-trimethylsilyl-trifluoroacetamide essentially as described in Schultz et al. (2001) except that 3 d-estradiol was added as an internal standard in extractions. The GC-MS was operated in selected ion monitoring mode with m/z 419 and m/z 425 ions used for 3 d-estradiol and EE 2 quantification. EE 2 recovery from fortified water standards and blood plasma always exceeded 95%.
In vitro fertilization protocol
Semen from both the 1800 and 67008d experiments were transported to the UI on ice. For in vitro fertilization trials, both experiments were fertilized using the same batch of pooled, outbred rainbow trout eggs purchased from TroutLodge Inc. (Sumner, WA, USA). Sperm number was quantified using a hemocytometer to determine the number of sperm per microliter of semen. For in vitro fertilization, semen was diluted using immobilizing medium (80 mM NaCl, 40 mM KCl, 0.1 mM CaCl 2 , 30 mM Tris-HCl, pH 9.2, Cosson et al. 1999 ) and added to w150 unfertilized rainbow trout eggs to produce a sperm:egg ratio of 300 000:1. After the gametes were combined, a small amount (10 ml) of chilled, sperm activation medium (125 mM NaCl, 0.1 mM CaCl 2 , 30 mM Tris-HCl, pH 9.2, Cosson et al. 1999 ) was added to initiate sperm motility. The gamete mixture was then gently swirled and allowed to stand for 5 min completing fertilization. After 5 min, fertilized eggs were rinsed using cold dechlorinated tap water thrice and placed in Heath incubators. Following fertilization, four developmental time points were assessed: 0.5, 2.5, 9, and 19 dpf, representing early cleavage, raised blastula, embryonic keel, and eye pigmentation stages respectively (Ballard 1973) . At each of the first three time points, 25 randomly selected eggs were removed, fixed in Stockard's solution (Ballard 1973) , and developmental success gauged as described in Stoddard et al. (2005) . The last time point (eye pigmentation) was visually assessed on remaining live embryos.
Plasma vitellogenin and hormone analysis
Plasma vitellogenin levels were determined in samples (freshly thawed on crushed ice) using a rainbow trout vitellogenin ELISA kit (Cayman Chemical, Ann Arbor, MI, USA). Samples were prepared and analyzed as described by the kit assay procedure. The androgen 11-ketotestosterone (11-KT) was determined in freshly thawed plasma samples using an 11-KT ELISA as described by Cuisset et al. (1994) . The gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) were determined using salmonid RIAs as described by Swanson et al. (1989) .
Statistical analysis
Embryonic development data were statistical analyzed using a completely randomized design. Fertilization percentages were analyzed after performing an arcsine transformation to normalize values, while plasma vitellogenin, plasma EE 2 , and hormone data were analyzed without transformation. The linear model for all analyses was y ijk Z mC a i C b j C ðabÞ ij C e ijk , where a i represents EE 2 treatment effects, b j tank effects, (ab) ij interaction effects, and e ijk the random error. ANOVA was performed to determine whether significant differences were present between treatments using PROC GLM in SAS/STAT (SAS Institute, Cary, NC, USA). When indicated by ANOVA, Fisher's protected LSD was performed to determine which treatments differed significantly from one another.
